Abstract: Microstructures, elemental partition behavior, phase stabilities and mechanical properties of Nb-and W-containing Co-V-Ti-based superalloys were investigated. Elemental partition coefficients (K X = C γ' /C γ ) of Nb and W in Co-V-Ti-based superalloys are 2.07 and 1.10, respectively. The γ' solvus temperatures are determined as 1023 • C, 1055 • C and 1035 • C in Co-12V-4Ti, Co-10V-4Ti-2Nb and Co-10V-4Ti-2W alloys, which are higher than those of Co-9Al-9W alloy (1000 • C). The mass densities of quaternary Co-10V-4Ti-2Nb and Co-10V-4Ti-2W alloys are about 8.31 and 8.50 g·cm −3 , respectively, which are 15% lower than Co-Al-W-based superalloys (9.8 g·cm −3 ). All examined alloys exhibit an anomalous positive dependence on temperature rising from 600 to 750 • C. Strengths of all examined alloys are higher than those of MarM509 (traditional Cobalt-based superalloy) and Co-9Al-9W at all temperatures that we investigated. The maximum flow stress of Co-V-Ti-Nb alloy is about 638 MPa at 750 • C while that of Co-V-Ti-W alloy is about 588 MPa at 700 • C.
Introduction
Superalloys are widely used in fabricating critical parts in gas turbines of power plants, aircraft engines and chemical process industries, where the current operating temperatures have reached 1600 • C [1] [2] [3] [4] [5] . The ability to withstand load at operating temperatures close to their melting points is an important performance requirement for high temperature materials. Nickel-based superalloys strengthened by γ' (L1 2 )-precipitates phase are the most commercially successful among all classes [3, 6] . The operating temperatures of Nickel-based superalloys have exceeded 80% of their incipient melting temperatures, fractions that are higher than any other class of engineering alloys. Cobalt-based superalloys are often considered as possible alternatives to Nickel-based superalloys whose solidus and liquidus are 50-150 • C lower than the former [7] . In addition, all common alloying elements for superalloys have lower diffusion coefficients and lower stacking fault energies in cobalt than in nickel [8] .
The ordered γ' (L1 2 )-precipitates phase was reported in Cobalt-based alloys for the first time in 1971 [9] . Subsequently, Sato et al. reported new γ' phase Co 3 (Al, W) in 2006 [7] , which has accelerated the researchs of Cobalt-based superalloys and renewed the worldwide scientific interest [10] [11] [12] [13] . Currently, several γ' (L1 2 )-precipitates in Cobalt-based alloys, such as tungsten containing Co 3 (Ge, W) [14] and Co 3 (Ga, W) [15] , have been discovered and effects of alloying elements B, V, Ti, Cr, Mn, Fe, Ni, Nb, Mo, Ta, Re and Hf in novel Cobalt-based superalloys have also been investigated [7, [16] [17] [18] [19] [20] [21] [22] [23] . At present, the investigations on Cobalt-based superalloys mainly imitate the previous research on Nickel-based superalloys. Previous studies on high temperature creep properties (both single crystals [24] [25] [26] and poly crystals [20, [27] [28] [29] ) and flow stress behavior [16, 17, 20] for several Cobalt-based superalloys have been reported. More importantly, the dislocation behavior and stacking-fault formation during plastic deformation of Cobalt-based superalloys have also been reported [26, 28, 30, 31] . The partition coefficients of alloying elements have been measured in quaternary and some quinary alloys [32] [33] [34] [35] , which have strong impacts on mechanical properties, microstructures and lattice parameter misfits. The positive lattice-parameter misfits in Cobalt-based superalloys cause γ' (L1 2 )-precipitate rafting along <100>-type directions to occur parallel to the tensile loading and perpendicular to the compressive loading directions, which indicate that Cobalt-based superalloys might have good high-temperature creep properties [36] .
Even if Cobalt-based superalloys have such great potential, Co-Al-W-based alloys possess high mass densities due to requirement of high tungsten content (7-10%) for stabilizing γ' (L1 2 )-precipitates [37] . The mass densities of Nickel-based superalloys are between 8.2 and 9.3 g·cm −3 , while Co-Al-W-based superalloys can reach up to 9.8 g·cm −3 [2, 9, 38, 39] . Because of high densities, Co-Al-W-based alloys are inappropriate for applications such as turbine blades for aircraft engines where the strength to weight ratio is important. Recently, Makineni et al. discovered new tungsten free Co-Al-Mo-Nb/Ta-based superalloys strengthened by γ'-Co 3 (Al, Mo, Nb/Ta) with mass densities in the range of 8.1-8.6 gm −3 and higher specific strengths [38] . However, in both tungsten free Co-Al-Mo-Nb/Ta and Co-Al-W-based alloys, the γ' precipitates are metastable and decompose at high temperature [38, 40] . A stable tungsten-free γ' (L1 2 )-precipitates phase Co 3 Ti exists in the binary Co-Ti system [9] , which shows the highest temperature of maximum flow stress among all the intermetallics with ordered L1 2 structure [41] . Zenk et al. have developed Co-11Ti-15Cr superalloy with a low density (8.1 g·cm −3 ), which shows a maximum flow stress of about 590 MPa at 800 • C [42] . Development of novel Cobalt-based superalloys strengthened by γ'-Co 3 Ti phase might be a breakthrough point of high temperature materials.
Our previous study has confirmed the existence of γ' (L1 2 )-precipitates Co 3 (V, Ti) phase in ternary Co-V-Ti system. Addition of V has significantly decreased the γ/γ' lattice parameter misfit of γ' (L1 2 )-precipitates phase Co 3 Ti and V is also proven to increase the γ' (L1 2 )-solvus temperatures of the alloys containing γ'-Co 3 Ti [43] . The maximum flow stress of γ'-Co 3 Ti has been confirmed to be increased with the addition of V, and Co-Ti-V ternary alloy also shows the attractive strength [44] . More importantly, γ/γ' two-phase Co-V-Ti-Al and Co-V-Ti-Ni alloys have been reported. Co-V-Ti-Al alloy shows a maximum flow stress of about 355 MPa at 700 • C and Co-V-Ti-Ni alloy shows a maximum flow stress of about 544 MPa at 750 • C [45] . Although Co-V-Ti-based superalloys have such great mechanical properties, their strengths are still much lower than the Nickel-based superalloys. The further studies in Co-V-Ti-based superalloys are required and the γ/γ' two-phase Co-V-Ti-based alloys might be helpful in further reducing mass densities of superalloys.
Nb and W have been confirmed to be strong γ'-former elements in γ'-strengthened Cobalt-based superalloys [13, 34, 46] . The addition of Nb can improve the stabilities of γ' and increase the volume fractions of γ' (L1 2 )-precipitates in several superalloys. The elemental partition coefficients of Nb approach 3 in several Co-Al-W-based superalloys [13] . Nb addition also leads to stabilize the γ' phase in Co-Al-Mo alloys [38] . W has been proven to be an important part of Cobalt-based superalloys strengthened by γ' (L1 2 )-precipitates. The increase of W in Co-Al-W ternary system causes significant augment of γ' (L1 2 )-precipitate volume fraction where increasing W from 8 to 11 at. % leads to a rise in volume fraction from 34% to 73% [47] . The increase in W also leads to an increase in γ' (L1 2 )-solvus temperature from 840 • C to 1100 • C [34, 46, 47] .
In this study, quaternary γ/γ' two-phase Co-V-Ti-X (X: Nb, W) were prepared. The influence of alloying elements Nb and W to Co-V-Ti-based alloys on microstructures, elemental partition behavior, phase stabilities and mechanical properties were investigated.
Materials and Methods
According to our previous study [43] , the γ-(αCo) + γ'-Co 3 Ti phase equilibrium at 800 • C (solid lines) and 1100 • C (dotted lines) are shown in Figure 1 . To obtain the γ/γ' two-phase Co-V-Ti ternary alloy, the Co-V-Ti ternary master alloy has a composition of Co-12V-4Ti (at. %). The γ/γ' two-phase Co-10V-4Ti-2X (X: Nb, W) alloys have also been prepared in this study to investigate effects of Nb and W additions on the microstructures and mechanical properties of Co-V-Ti-based superalloys. A laboratory-scale vacuum arc melting furnace was used to melt alloys under Ar back-filled atmosphere for at least 10 times to improve composition homogeneity. The purities of raw elements used in this study exceeded 99.9%. The Co-12V-4Ti, Co-10V-4Ti-2Nb and Co-10V-4Ti-2W alloys are designated as CVT-1, CVTN and CVTW, respectively. The designations and compositions of these alloys which are measured by electron probe microanalyser (JXA-8100, JEOL, Tokyo, Japan) are shown in Table 1 . The samples for microstructure observations and compressive tests are polycrystalline. The cast rods were solutionized at 1200 • C for 2.5 h and aged at 800 • C for 100 h under vacuum (10 −5 mbar) in a vertical furnace followed by water quenching. Phase equilibria in the Co-rich corner of the Co-Ti-V ternary system at 800 and 1100 • C (data from [43] ). Table 1 . Nominal and measured composition of alloys in present investigation.
Alloy Designation
Nominal Composition (at. %) Measured Composition (at. %)
The investigations of microstructures were carried out by a field emission scanning electron microscope with a secondary electron detector (SU-70, Hitachi, Ibaraki, Japan) at 10 kV acceleration voltage. The samples for SEM were mechanically polished, and then etched in a solution of HNO 3 (vol. 60%) + HCl (vol. 20%) + H 2 O (vol. 20%) for a few seconds. The crystal structures of the γ' phases and semiquantitative analyses of the partition behavior between γ/γ' interfaces were obtained by using a transmission electron microscope equipped with field emission source (F200 model, FEI, Hillsboro, OR, USA). Twin jet electropolishing at −30 • C and 18-20 V in a solution of HClO 4 (vol. 8%) + CH 3 COOH (vol. 72%) + CH 3 CH 2 OH (vol. 12%) + HOCH 2 CH 2 OH (vol. 8%) was used to prepared the foil specimens for TEM analyses. The volume fractions of γ' in the heat-treated samples were measured by using the manual point count method on several microstructure images recorded near a {100}-type plane. The multiple results were averaged to approximate the actual volume fractions of γ' precipitates.
Differential scanning calorimetry (DSC) under an argon atmosphere, performed by NETZSCH DSC 404 (NETZSCH, Selb, German), was used to determine the phase transformation temperatures of heat treated alloys. Heating and cooling rates were 10 • C·min −1 in this study. The characteristic phase transition temperatures were determined by peak analysis of DSC curves.
The investigated mechanical properties comprised hardness and 0.2% flow stress. The hardness values of samples were measured by using Vickers micro hardness tester (HMV-2, Shimadzu, Kyoto, Japan) with a load of 9.8 N. The 0.2% flow stresses were determined from compressive tests at 25 • C, 600 • C, 700 • C, 750 • C, 800 • C, 900 • C, and 1000 • C and the strain rate is 1 × 10 −4 s −1 . The samples for compressive tests were cut into the shape with dimension of φ 6 mm × 9 mm by wire-cutting machine, and surfaces of the specimens were slightly polished.
Results and Discussions

Microstructure Evolution
Figure 2a-c presents the dark-field TEM images (DFI) and selected area diffraction patterns (SADP) obtained from CVT-1, CVTN and CVTW alloys aged at 800 • C for 100 h. The diffraction patterns along [001] zone axis contain superlattice reflections along with the main fcc reflections for both the alloys, which prove the homogeneously distributed irregular cuboidal precipitates are L1 2 -ordered structures. After 100 h aging at 800 • C, all three alloys are typical γ/γ' two-phase microstructures with cuboidal or coalesce cuboidal γ' (L1 2 )-precipitates. The volume fraction of γ' precipitate in CVT-1 alloy is about 60%, while that in CVTW alloy is about 65%. CVTN alloy has the highest volume fraction of γ' precipitates of about 70%, suggesting that Nb is a stronger γ' former element than W. Compared to cast Nickel-based superalloys [48] , the γ' precipitates in Co-V-Ti-based alloys have a more cubic morphology but unlike the irregular shaped precipitates in Co-12Ti alloy [29] . W addition significantly decreases the size of γ' (L1 2 )-precipitates while the size of γ' phase is slightly increased by addition of Nb. The cube edge lengths of γ' (L1 2 )-precipitates in CVT-1 and CVTN (Figure 2a,b) are about 130 nm and 160 nm, respectively, while the CVTW (Figure 2c ) alloy has the smallest size of about 100 nm. The partitioning behavior of different elements across the γ matrix and γ' precipitate was studied through elemental mapping using a STEM nanoprobe (FEI, Hillsboro, OR, USA). Figure 3 shows the elemental mapping results, which indicate vanadium, titanium, niobium, and tungsten primarily partition to the L1 2 -ordered precipitates. The elemental partitioning coefficients could influence the stabilities of γ' (L1 2 )-precipitates and mechanical properties in Nickel-based superalloys [1, 49] . The partitioning coefficient K X is described as K X = C γ' /C γ (C γ' and C γ are the concentration of element X in γ' and γ phases). The partition coefficient K X > 1 indicates element X tends to partition into γ', while tends to distribute into γ when K X < 1. Semiquantitative analyses of the partition behavior of alloys, which were aged at 800 • C for 100 h, were carried out by TEM equipped with energy-dispersive X-ray spectroscopy (EDS) detector (FEI, Hillsboro, OR, USA). The results are listed in Table 2 . The compositions of γ were measured as Co-10.9V-2.3Ti, Co-8.2V-2.5Ti-1.3Nb and Co-7.9V-3.3Ti-1.9W (at. %), while the compositions of γ' were measured as Co-15.6V-7.2Ti, Co-14.3V-6.2Ti-2.7Nb and Co-13.2V-6.9Ti-2.1W (at. %). Both Nb and W are proven to be strong γ'-former elements in Co-V-Ti-based superalloys (K Nb = 2.07, K W = 1.10); while having a stronger γ' increases the strength, having a weaker γ' decreases it. This indicates that phase stabilities and mechanical properties of Co-V-Ti-based superalloys might be improved by additions of Nb and W. The SEM images using secondary electron mode of γ' (L1 2 )-precipitates in long-time aging alloys are displayed in Figure 4a -c. No third-phases are found in grain boundaries of CVT-1, CVTN and CVTW alloys after 720 h of aging at 800 • C, as shown in Figure 3 . The γ' precipitates of all experimental alloys remain cuboidal or coalesce cuboidal without rafting after 720 h aging, indicating these are stable at 800 • C. Aging for a long time significantly increased the size of γ' (L1 2 )-precipitates in all experimental alloys, indicating that coagulation and coalescence mechanisms occur among abut cuboids after 720 h of aging treatment. The same effects of aging time in Nickel-based superalloy Ni-Al-Cr-W [8] and Co-Al-W-based [50, 51] superalloys have been reported. After 720 h of aging, the size of γ' (L1 2 )-precipitates of CVT-1 is about 220 nm and CVTW is about 170 nm compared to 130 nm and 100 nm, respectively. Significant coarsening in Nb-containing alloy occurred after 720 h aging; the CVTN alloy shows the largest size of γ' (L1 2 )-precipitates which is about 280 nm. Nb is found to accelerate the growth of γ' phase. W addition can slow down the γ' phase from coarsening and significantly refine size of γ' phase. Of the data gathered, W-containing alloy remains small cuboid after 720 h aging without significant coarsening, because W is proven to be the slowest diffusing element among Nb, W and V in fcc Co while the diffusion velocity of Nb is the fastest [52] . 
Phase Stability
The dissolution temperature of γ' precipitate in γ matrix is an indicator of phase stability of γ' phase. Currently, the additions of refractory alloying elements have been reported to increase the γ' solvus temperatures of Co-Al-W-based superalloys [20, 21] . Nb has always been considered as a strong γ' former element, and it can significantly improve the stabilities of γ' in superalloys. The elemental partitioning coefficient of Nb in Co-V-Ti-based superalloys exceeds 2 (Table 2) , indicating higher γ' solvus temperature. It is reported that the γ' solvus temperatures of Co-Al-W-based alloys would increase with the increasing of W content [46, 47] . Figure 5 shows the influence of Nb and W to Co-V-Ti-based alloys on γ' solvus temperatures and melting temperatures as determined through heating experiment in the DSC. As a comparison, the phase transition points of Co-9Al-9W alloy [7] , commercial Nickel-based superalloys Waspaloy [53] and IN939 [54] are also provided ( Table 3 ). The γ' solvus temperature of CVT-1 alloy has a value of about 1023 • C, which is slightly increased by an addition of W. The γ' solvus temperature of CVTW alloy is about 1035 • C, which is 35 • C higher than Co-9Al-9W alloy (1000 • C) and completely comparable with Waspaloy (1030 • C). The addition of Nb has significantly increased the γ' solvus temperature, and CVTN has the highest γ' solvus temperature of about 1055 • C among all examined alloys in this investigation, which is about 55 • C higher than Co-9Al-9W alloy (1000 • C) and about 25 • C higher than Waspaloy (1030 • C). The melting temperature of CVTN is about 1254 • C that is about 100 • C higher than IN939 (1150 • C). The CVTW shows the highest melting temperature of about 1313 • C, which is about 160 • C higher than IN939 (1150 • C) and comparable with Waspaloy (1329 • C). Nb and W additions have significantly stabilized the γ' precipitates and increased the γ' solvus temperatures. 
Mass Densities and Mechanical Properties
The Vickers-hardnesses of CVT-1, CVTN and CVTW were measured to be about 408 HV9.8, 448 HV9.8 and 482 HV9.8 at room temperature, respectively, which are higher than Co-9Al-9W (~400) [7] and Waspaloy (~390) [7] . Figure 6a shows plots of 0.2% flow stress versus temperature for alloy CVT-1, CVTN and CVTW. For bench-marking, the high temperature strengths of commercial Nickel-based superalloys (Waspaloy [53] and IN939 [6] ), conventional Cobalt-based superalloy (MarM509 [48] ) and Cobalt-based superalloy strengthened by γ'(L1 2 )-precipitates (Co-9Al-9W [7] ) are also included. The 0.2% flow stresses of all examined alloys are higher than MarM509 [48] and Co-9Al-9W [7] in all tested temperatures.
The room temperature 0.2% flow stress of CVT-1 is about 750 MPa, and significantly increased by additions of Nb and W. CVTN and CVTW show attractive room temperature strengths of about 860 MPa and 890 MPa, which are higher than all 0.2% flow stresses of alloys for comparison. The strengths of CVT-1, CVTN and CVTW decrease rapidly with increasing temperature, showing minimums of about 468 MPa, 504 MPa and 567 MPa at 600 • C, respectively.
When temperature exceeds 600 • C, 0.2% flow stresses of CVT-1, CVTN and CVTW increase rather than decrease with rising temperature. The anomalous positive temperature dependence of flow stress has also reported in Co-Al-W-based superalloys [17] and some of the Nickel-based superalloys containing γ'(L1 2 ) ordered precipitates in the fcc matrix [55, 56] , indicating that might favor their high temperature utilizations. Because of elastic anisotropy and lower anti-phase boundary (APB) energy on {001} planes, the activation of multiple slip modes at high temperature within γ'(L1 2 ) ordered precipitates, which lock cross-slipped 1/2<110> dislocations from the {111} octahedral planes to {100} cube planes, causes the abnormal phenomenon [57] . The peak temperature of alloy CVT-1 is 750 • C, and the flow stress is about 523 MPa. Addition of W reduces the peak temperature of CVT-1 by 50 • C. The peak temperature of CVTW alloy is the same as Co-9Al-9W, locating at 700 • C, and the flow stress reaches about 588 MPa, which is much higher than Co-9Al-9W (480 MPa). The peak temperature of alloy CVTN is 50 • C higher than Co-9Al-9W and the flow stress is about 638 MPa, which is even comparable with commercial Nickel-based superalloy IN939 (632 MPa) at 750 • C due to the large flow stress anomalies. [7] ), Waspaloy (data from [53] ), IN939 (data from [6] ) and MarM509 (data from [48] ). (b) Comparison of the 0.2% specific flow stress versus temperature curves of CVT-1, CVTN, CVTW, Co-9Al-9W (data from [7] ), Waspaloy (data from [53] ), IN939 (data from [6] ) and MarM509 (data from [48] ).
The 0.2% flow stresses of both examined alloys exhibit negative temperature dependence again above their peak temperatures. The explanations of this phenomenon above peak temperature are controversial. It is widely accepted as one of the explanations that slip on the cube plane is activated [3] . Slip on octahedral plane above the peak temperature was observed by Suzuki et al. [13, 16, 17] , who investigated deformation behavior of Co-Al-W-based superalloys. Moreover, the interaction mechanism between 1/3<112> partial dislocations and γ' particles transforms from shearing to bypassing with increasing temperature, which, combined with activation of the slip on cube plane, might lead to rapid decrease of the 0.2% flow stresses of present studied alloys above peak temperatures. The strength curve of CVTN surpasses that of IN939 again above 750 • C, making alloy CVTN a promising material for use at higher temperature.
The mass densities of experimental alloys compared with commercial Nickel-based superalloys and other Cobalt-based superalloys are shown in Table 3 . The densities of CVTN and CVTW alloys were measured to be 8.31 g·cm −3 and 8.50 g·cm −3 , respectively, which are much lower than existing Cobalt-based superalloys. It is worth mentioning that the mass density of alloy CVTN is even comparable to commercial Nickel-based superalloys. The 0.2% specific flow stresses for experimental alloys and alloys for comparison are plotted as a function of temperature in Figure 6b . There are no significant changes after the 0. 
Conclusions
The microstructures, elemental partition behavior, phase stabilities, and mechanical properties of quaternary γ/γ' two phase Co-V-Ti-X (X: Nb, W) superalloys were investigated. The compositions of γ were measured as Co-8.2V-2.5Ti-1.3Nb and Co-7.9V-3.3Ti-1.9W (at. %), while the compositions of γ' were measured as Co-14.3V-6.2Ti-2.7Nb and Co-13.2V-6.9Ti-2.1W (at. %) in CVTN and CVTW, respectively. As a result, both Nb and W are proven to be γ'-former elements in Co-V-Ti-based superalloys and the partition coefficient of Nb is 2.07 while that of W is 1.10. The addition of Nb increases the γ' solvus temperature of Co-V-Ti-based superalloys from 1023 • C to 1055 • C, while that of W-containing alloy is only 1035 • C. The volume fraction of γ' precipitates in alloy CVT-1 is about 60%, and that in alloy CVTW is about 65%. CVTN alloy has the highest volume fraction of γ' precipitates of about 70%. This indicates that Nb is a stronger γ'-former element than W. The γ' volume fractions and γ' solvus temperatures of Co-V-Ti-based superalloys have been significantly increased by alloying with Nb. Moreover, the addition of Nb can also improve the mechanical properties of Co-V-Ti-based superalloys. Nb addition has increased the maximum flow stress of Co-V-Ti-based superalloys from 523 MPa to 638 MPa, making it comparable with commercial Nickel-based superalloy IN939 when temperature exceeds 750 • C. These features make CVTN alloy attractive for high-temperature applications. 
